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Noise characteristics and noise reduction techniques for the par-
ticle soot absorption spectrometer (PSAP) are discussed. It is shown
through elementary propagation of errors analysis and verified
through simulations and by experiments that the PSAP signal noise
varies as the —3/2 power of the integration time and not the as-
sumed —1/2. It is also shown that neither simple boxcar averaging
of independent absorptivity values nor the commonly used moving
boxcar average allow realization of the maximum signal to noise
ratio. Instead it is argued that maximal noise reduction is realized
by post-processing of the raw reference and sample channel inten-
sities. Finally the implications of these findings are demonstrated
with representative field data.

INTRODUCTION

With the increased attention given to the role of aerosol forc-
ing on climate change, quantification of the direct and indi-
rect aerosol effects have become a targeted priority (Charlson
etal. 1992; Chylek and Wong 1995; Hansen et al. 1997; Hansen
et al. 1998; Kaufman et al. 2002; Schwartz 2004). Efforts to
better quantify aerosol light absorption has spurred both the cre-
ation of new instrumentation (e.g., photoacoustic spectrometry
[PAS]: Arnott et al. 2003; Arnott et al. 2000; Arnott et al. 1999;
Moosmiiller et al. 1997; single particle soot photometer [SP2]:
Gao et al. 2007; Baumgardner et al. 2004; Stephens et al. 2003;
Kok et al. 2002; photothermal interferometry [PTI]: Sedlacek
2006; Sedlacek and Lee 2007) and deployment of mature in-
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strumentation, such as the particle soot absorption spectrometer
(PSAP, Radiance Research, Shoreline, WA) and Aethelometer
(Magee Scientific, Berkeley, CA), in new monitoring scenarios.
In this article, we wish to address the latter class of instrument
with respect to deployments where high precision data sets with
fast temporal response are required. Improved measurement pre-
cision is required because outside of urban regions, aerosol light
absorption coefficients typically range from 0-10 Mm~!. As a
case in point, a 4-y median of 1.5 Mm~! was measured on the
ground at the ARM SGP site (Sheridan et al. 2001). However, in
addition to the need for precision, aircraft-based sampling im-
poses stringent temporal requirements (ca. seconds) when char-
acterizing point source plumes (Springston et al. 2005).

The PSAP is a filter-based technique (Schmid et al. 2006;
Virkkula et al. 2005, Anderson et al. 2003; Anderson et al. 1999;
Bondetal. 1999) where aerosols are continuously deposited onto
a glass filter (e.g., Pallflex type E70.2075W) at a known flow rate
and the change in the measured transmission over time is related
to the particle’s absorption coefficient via Beer’s law. The PSAP
uses the time differential of the integrated aerosol signal to cal-
culate absorption as a function of time. Use of the difference
methodology allows some noise sources such as LED output
fluctuations and detector response to be greatly reduced. Addi-
tionally, the absorption coefficient is measured independently at
three visible wavelengths using sequential illumination by three
LED:s.

In this article, we wish to discuss both a fundamental noise
issue of the PSAP with respect to averaging time, 7,y¢, and to ex-
amine the introduction of noise due to internal processing by the
PSAP firmware. The first issue was noted during field measure-
ments aboard an aircraft, where the background noise decreased
by ~10x after changing the instrument “averaging period,” sig-
nified here as At¢, from 2 to 10 s. This dramatic decrease in the
noise contrasted with the widely accepted assumption that the
noise in the PSAP-generated absorption coefficient is normally
distributed, and thus, the noise scales proportionally to t&g.s
(Bond et al. 1999; Anderson et al. 1999). In those papers, #,y, is
used interchangeably with Afto denote both the instrument “av-
eraging period” set from the front panel as well as the window of
time used for offline (post-processing) boxcar averaging of the
data. We would like to point out that the noise does not scale as
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ta_vg's and that a significant departure from this expected depen-

dence is borne out in simulations and experiments. In addition,
because of a peculiarity in the PSAP output, boxcar averaging
of the resulting data is not appropriate for this instrument. In the
following discussion, we limit the definition of #,,, to boxcar
averaging in time of the absorption coefficients and A¢ to de-
note the averaging period as displayed on the front panel of the
PSAP. We shall use these as operational definitions to assist in
comparing the relative effects of changes in 7,,, and At.

As introduced above and discussed elsewhere (Schmid et al.
2006; Virkkula et al. 2005; Anderson et al. 2003; Anderson
et al. 1999; Bond et al. 1999), the PSAP technique measures
the particle absorption coefficient (o 4p) as a function of the
decrease in transmittance, Tr, over time as particles accumulate
on the filter; that is:

A
oap = m(nw - Tr,) [1]

where A is the filter area, F is the volumetric flow rate, Tr; is
the sample transmittance for the current averaging period and
Tr;_a; is the sample transmittance for the previous averaging
period, At. The change in Tr over At is < 1 and therefore the
simplification of In Tr,_a, /Tr, = Tr;—a, —Tr, was used to derive
Equation (1) from Beer’s law.

The filter transmittance is calculated (Virkkula et al. 2005)
for each wavelength as:

) (XSig/ XRef) )
"7 (=Sig/ SReP—o 2]
where XSig and X Ref are the detector outputs for the signal
and reference channels summed over the same period, At. The
reference channel includes an identical filter downstream of the
sample channel and is illuminated by the same light source in
order to further reduce certain common-mode noise sources such
as LED output fluctuations and changes in the optical properties
of the filter media. The denominator of Equation (2) normalizes
the transmittance to the value of a new filter. In operation, the
filter is changed when Tr < 0.7 (Bond et al. 1999). Using basic
error propagation, the noise of the PSAP, §o 4p, is written as a
function of the noise in the transmittance.

doap\’
80ap = 4| 2 3 (8x;)?

Xi

A 2
= \/ <m> (6Tr-s?+6TrR) 3]

The noise of 7r is relatively constant, i.e., 6T r,_n, = 8Tr, =
8T r. Assuming the noise for a given channel is dominated by
shot noise, the relative noise in the intensity (and therefore for
Tr as well) averaged over period At is, indeed, the expected
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8Tr o< At~%3, Substitution into Equation (3) yields:

AéTr
F At

V2 o A1 [4]

Soap =

which is the dependence of absorption coefficient noise on aver-
aging period. This straightforward analysis reveals that the PSAP
noise should change proportionally to the 1.5 power with respect
to averaging period and not the square root as has been previ-
ously assumed (Anderson et al. 1999; Bond et al. 1999). As a
consequence, the noise in the absorption coefficient measured by
aPSAP (as well as by an Aethelometer and other difference mea-
surements [Petzold and Schonlinner 2004; Petzold et al. 2002])
will increase at a much faster rate with shorter integration times
as noted in the field in comparison with the noise from instru-
ments that directly measure aerosol absorption (e.g., PAS, PTI,
or SP2). This result is of fundamental importance because of the
community’s needs for faster time response and/or better preci-
sion from its aerosol absorption photometers. Note also that the
instrument noise in absorbance as measured by the PSAP is inde-
pendent of the signal magnitude. It should be pointed out that the
same conclusion can also be reached by starting with the noise
of the signal and reference outputs as defined in Equation (2).

Next we wish to point out that the noise characteristics of the
instrument are further affected by how the data output is used
and the instrument averaging period as controlled on the PSAP’s
front panel. In order to discuss this, we briefly describe how the
commercial instrument produces measurement data.

An embedded microprocessor delivers output through a se-
rial port as an ASCII character string, which is updated once per
second. This output has two sections that share much redundant
information albeit in different forms, however, there are some
important features unique to each one. The initial section con-
tains date, time, absorption coefficients, transmittances, flows,
averaging period setting, and a status flag. Each of these values
isrefreshed every second. Absorption coefficients are calculated
internally using the measured flow volume, a calibrated spot size,
and correction factors due to scattering by the filter itself (Bond
et al. 1999) as well as the change in intensities. The absorption
coefficients at time ¢ are calculated from the summed intensities
measured over Af and the summed intensities measured over the
preceding At interval as described in Equations (1) and (2). This
calculation is repeated and new values are output every sec-
ond regardless of the instrument’s At setting. Transmittances
are calculated using integrated sample and reference intensities
(Equation [2]) and are output with three significant figures. For
calculating o 4p at a typical flow rate and filter area, a relative
change in transmission of 107° corresponds to an apparent ab-
sorbance of ~1 Mm™!. Thus, the transmittance values are useful
as a measure of filter loading but are not reported with sufficient
digital resolution to reproduce the reported o4 p values.

The second data section contains raw A-to-D intensity values
as hexadecimal numbers as well as the calibration and correc-
tion factors used internally to produce the values in the first
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section. However, unlike the first section’s processed absorption
coefficients, the raw cumulative intensities for the sample and
references channels for a given wavelength are only reported
once every four seconds. Whereas the first section uses a vari-
able summation period to calculate absorption coefficients, that
is, the averaging period (Af) as set by the front panel “averaging
time,” the hexadecimal intensities are reported at a fixed, 4-s,
summation time. In contrast to the instrument-calculated ab-
sorption coefficients that have been filtered over the averaging
period, the hexadecimal intensities can only be further averaged
during external post processing.

EXPERIMENTAL

In order to quantify the noise characteristics introduced
above, a combination of numerical simulations and experiments
was undertaken. Aspects of the general behavior noted here have
been observed in other labs (Sheridan 2007). For these experi-
ments, a three-wavelength PSAP was employed (Radiance Re-
search, Shoreline WA, S/N: 0020). This model is typical of units
used for ground- and aircraft-based measurement campaigns.
Virkkula et al. (2005) describe a prototype PSAP where the
three colored LEDs are slowly cycled (6 to 60 s for a total cy-
cle), however, as produced by Radiance and described herein,
the LEDs cycle at 15 Hz, with each color (and a dark interval)
having an equal duty cycle of 25%.

The noise characteristics of the PSAP were examined in three
different ways. First, the effects of simulated random detec-
tor noise on instrument output were studied for three different
averaging methods: (1) a boxcar average of independent data
points, (2) a moving boxcar average, and (3) changing the in-
tegration (summing) period. Next the same averaging methods
were applied to laboratory measurements of filtered air. Finally
we demonstrate the benefits of proper averaging methods using
aircraft-based measurements as an example.

The first effort involved simulating the PSAP noise charac-
teristics as the averaging period is changed, as would be done
from the instrument’s front panel. For this model, Gaussian noise
was added to a simulated photometric signal on a 1-second time
base. The transmittance signal corresponding to an idealized
square impulse of absorption coefficient was calculated using
Equation (1) first rewritten as:

_ ATr; (Tri—a: _q (5]
FAt Tr,

oAp

and solving for 7, under conditions of 77, close to 1:

Tri—p

TI’,‘:—
(oapFAt/A)+ 1

(6]

Equation (6) holds for small changes in 77 over At. The trans-
mittance at ¢+ = 0 was set to 1 and subsequent 77, values were
calculated with Atz = 1 and the ratio of F/A set to 7.1 x 10~/
Mmy/s, which is typical for the PSAP. A randomly selected value
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from a Gaussian distribution with a relative standard deviation
of 2.5 x 107® was added to each transmittance value to simulate
shot noise at the detector. This fraction was chosen to approx-
imate the noise observed with the PSAP. Then the absorption
coefficient signal containing noise was recalculated with vary-
ing values of Ar using Equation (1).

For laboratory experiments, HEPA-filtered air was sampled
at various instrument averaging periods (At = 2, 3, 4, 5, 12,
..., 30 8). The resulting data, output every second, were parsed
to produce a record of instrument-calculated absorption coef-
ficients. Noise in this signal changed with Az. In contrast, the
hexadecimal portion of the output string (which contains the
ongoing summation of the reference and sample channel inten-
sities) is unaffected by the averaging period setting and was fur-
ther parsed into individual components. These values were pro-
cessed externally into another record of absorption coefficients.
Because the hexadecimal intensity data for each wavelength is
only delivered once every four seconds, the externally calculated
absorption coefficients are only available at a rate of 0.25 Hz.
By changing the period over which the intensity ratios are cal-
culated, the effect of changing the front-panel averaging period
could be simulated but only by multiples of 4 seconds (i.e., 4, 8,
12,...,128s). The processing algorithm was confirmed for both
ambient and filtered air by comparing instrument-calculated and
externally-processed results. External processing exactly repli-
cated the instrument’s internal processing at At = 4 and 12 s
with one important difference as discussed later.

Finally, ambient measurement data recorded during the 2006
Megacities Aerosol eXperiment- Mexico (MAX-Mex) pro-
gram  (ftp://ftp.asd.bnl.gov/pub/ASP%?20Field%20Programs/
2006MAXMex/) were reprocessed externally and the results
compared with a simple boxcar averaging scheme of the
instrument output that is typically used in the community.

Averaging Methods

In general, the time constant of measurement data is deter-
mined by the time constants of individual elements in the system
including inlet mixing and diffusion, cell volume and the time
response of the electronics. It is common practice to record data
at the highest practical response speed and then average the
data during post processing in order to reduce noise. When per-
formed with an absolute technique (nephelometry, thermometry,
etc.) such averaging reduces the noise proportional to the square
root of the averaging time. However, since the PSAP measures
the relative change of absorbance over time, the change in noise
with averaging time is different and depends on the application
of the averaging filters.

Three different averaging methods were applied to data
from the PSAP. Case I refers to a boxcar average of width 7.,
applied to independent absorptivity values. Case II refers to a
boxcar average of width 7, applied at 1-s increments to the
absorptivity values produced every 1-s by the instrument. Case
IT represents the typical averaging method for smoothing data.
Finally, in Case III the averaging period, At¢, of Equation (1)
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is varied. The instrument firmware averages data using Case 111
as controlled by the front panel setting of Ar (denoted as Case
IITA in the Results section). The same algorithm can also be
applied in post processing of the hexadecimal data (denoted as
Case IIIB). In each case, noise was calculated as the standard
deviation of a time series of data for a constant signal. The three
cases were compared by measuring the change in noise as z,,
and At were varied.

RESULTS AND DISCUSSION

Simulation Data

Figure 1A shows an idealized input signal and the absorbance
signal with white Gaussian noise added to the transmittance
(signal + noise). The lower traces illustrate the effects of each
averaging method. Case I shows an 8-s boxcar filter applied
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FIG. 1. (a) Simulation of PSAP processing. From top: Idealized square input

signal with a width of 32 s and a height of 5 Mm™~'; Signal with white Gaussian
noise superimposed on the transmittance. Magnitude of noise is 2.5 x 1076
times the transmittance (note different ordinate scale); Noisy signal processed
with Case I (@) and t,yg = 8 s; Noisy signal processed with Case II (M) and tayg
= 8 s; Noisy signal processed with Case III (a) and t = 8 s. (b) Log noise as
a function of log averaging/summation time with linear regression fit. Case I,
slope = —0.5, Case II, slope = —1.0, Case III, slope = —1.5.
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to independent absorptivity values. Case II shows the signal
averaged with an 8-s running boxcar filter and Case III shows
the same transmittance record processed with an 8-s summation
time. Visually, Case III shows the best fidelity to the input signal
and the lowest noise.

The standard deviation of the baseline was calculated for
each case and averaging period. The log of the standard devi-
ation plotted versus the log of the averaging period is shown
in Figure 1(b). The slopes of these lines correspond to the ex-
ponents relating the noise to averaging time as developed for
Case III in Equation (4). For independent absorptivity values,
the slope is —0.5 as is typical of an absolute (non-integrating)
technique. Case II illustrates the effect of averaging the output
data of the PSAP where the noise decreases proportionally with
the averaging time (exponent = —1). The slope of —1.5 in Case
III supports the derivation of Equation (4) relating the signal
noise to the averaging period.

Data from HEPA-Filtered Air

The analysis of results refer only to the blue channel of the
PSAP but is applicable to the other two wavelengths as well.
Inspection of the power spectrum of raw transmittance values
(available in the hexadecimal output at 0.25 Hz) showed the char-
acteristics of white noise. In processing the hexadecimal data,
the same transmission correction function built into the firmware
(Bond et al. 1999) was applied to all absorption coefficients cal-
culated externally (KO = 1.0796 and K1 = 0.71). This empirical
correction accounts for absorption by the filter medium and re-
sponse nonlinearities as material is deposited onto the filter.

The PSAP firmware delivers calculated absorption coeffi-
cients in the ASCII output string with a fixed digital resolution
of 0.1 Mm~!. Thus, the resolution precision is limited to 4-0.05
Mm~! regardless of the averaging period. However, the output
resolution is further limited. Using HEPA-filtered air as a proxy
for low signal conditions, Figure 2 shows a histogram of output
values plotted with a bin width of 0.1 Mm~!, which corresponds
to the resolution of the PSAP’s ASCII output. There is a clear
over abundance of values at 0.0 and deficits of values at 0.2,
0.1, 0.1, and 0.2 Mm™!. This behavior is present over the en-
tire range of output values and is presumably caused by internal
roundoff or truncation errors in the firmware of the embedded
microprocessor. Longer instrument averaging periods do not re-
duce this roundoff behavior. We note that the overall shape of the
distribution in Figure 2 is Gaussian which accounts for the lin-
earity in the cumulative, log-probability distributions reported
by Anderson et al. (2003) and interpreted therein as evidence
for normally distributed noise. In addition to digitization and
truncation limitations, we now show how the noise is affected
by the interdependence of adjacent measurements.

The noise component of each data point produced by the
PSAP is highly anti-correlated with its adjacent neighbors. As
illustrated in Figure 3, the autocorrelation of the 1-s ASCII ab-
sorptivity signal (solid line) shows that points both 2 s before
and 2 s after tend to diverge from the mean in the opposite
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FIG. 2. Histogram of PSAP output values (blue channel, N = 7244) while
sampling HEPA filtered air. Absorption coefficient measured with instrument
t=2s.

direction. In contrast, if the autocorrelation is done using only
every fourth point (dashed line), there is no evidence of interde-
pendence between adjacent points. We attribute this behavior to
the measurement technique itself, Tr, is compared with Tr,_x;.
Thus, any noise excursion in a single transmittance measure-
ment point (or average) tends to manifests itself in the opposite
direction in the succeeding point (or average). For the sole pur-
pose of noise analysis, it is necessary to work with independent
data points. As presently configured, the shortest averaging time
setting for the commercial PSAP is 2 s which produces an inde-
pendent point only once every 4 seconds. Note that this behavior
applies not only to the PSAP, but is inherent in taking the dif-
ferential of an integrated sample (e.g., Aethelometer). We also
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same data taking only every fourth point. These data are independent.
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regression over the points used. Broken lines are extrapolations. Unused points
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observe the same anti-correlation of points calculated with ex-
ternal processing.

The same three averaging methods described above were ap-
plied to measurement data produced by the PSAP as it sampled
particle-free air. The differences between the three cases and
their effects on baseline noise as a function of averaging time
are shown in Figure 4. For Cases I and II, the experimental re-
sults agree well with the simulation results of Figure 1b. Case
IIT has been further divided to distinguish between instrument-
calculated (Case IIIA) and externally processed (Case IIIB) val-
ues. In both examples of Case III, the standard deviation of
the signal is observed to vary proportional to Ar~!*!. This is
somewhat greater than the At~ derived in the introduction
and observed with simulated noise, but is significantly different
than the t;,(g)'s reported in the literature (Bond et al. 1999 and
Anderson et al. 1999). Note that At is distinct from #,,, in that
At is in effect applied twice in processing: first as the summa-
tion interval for intensities (Equation [2]) and second as the time
interval for change in intensity (Equation [1]).

Several points which were excluded from the regression lines
shown in Figure 4 are worth noting. Even though the PSAP de-
livers a data point every second, the minimum instrument av-
eraging period is 2 s. Thus the point for Case II at 7.y, = 1
s refers to the noise of the instrument produced signal which
is already averaged by the internal processing. At At greater
than 15 s, the Case IITIA values of standard deviation are less
than the digitization resolution limit of +0.05 Mm™' and the
points deviate negatively. The limited resolution and the inter-
nal truncation/roundoff error mean long instrument averaging
periods cannot be used to make absorbance measurements with
precision finer than ~0.2 Mm~!. On the other hand, external
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processing (Case IIIB) is not limited by roundoff errors and av-
eraging periods can be extended greater than 100 seconds. The
positive deviations from the regression line for Case IIIB at At
> 32 s are explained by residual signal and instrument drift. For
At > 100 s, the noise appears to approach 0.01 Mm~!, which
may constitute the limit of detection. Therefore, Case IIIB is
the recommended method for averaging data when a precision
better than ~0.2 Mm~! is necessary. However, Case I1IB should
not be used when response time is at a premium, instead it is ad-
vised that the instrument-calculated absorptivities be used with
At = 2 seconds (Case IITA).

Averaging of Ambient Measurement Data

PSAP data taken during aircraft-based sampling were
recorded with an instrument averaging period of 2 seconds. The
raw intensities were also recorded. These data were averaged
using Case II and Case III methods. The original recorded data
and the results of averaging are shown in Figure 5. Also included
are the results from an integrating nephelometer (Model 3560,
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FIG. 5. PSAP measurement data (blue channel) during MAX-MEX ’06. From
the top: PSAP output as recorded with t = 2 s; Case II, top trace subjected to a
running boxcar average, tavg = 12 s; Case III, hexadecimal intensities used to
calculate absorption coefficient with t = 12 s; Nephelometer data (blue channel)
from the same period showing features only apparent on the PSAP data processed
with Case III.
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TSI, Inc., St. Paul, MN). The reduction in PSAP noise with av-
eraging is evident when the instrument produced signal (Ar =
2 s) is averaged by a 12-s boxcar using Case II and an even
greater reduction is obtained by independently reprocessing the
raw intensity data with At = 12 s (Case III). For direct compar-
ison, these data were not corrected for aerosol scattering as that
correction is well-known and is not the focus of this article.

Instrument Time Response

This work has focused on instrument noise. Clearly signal
averaging affects the instrument time response. We have not
completed tests to measure the true instrument response time
but for Az values greater than ~10 s, we confirm the response
time approximates Af.

Flow Response

As a caution, we note that the PSAP firmware calculates the
mass flow rate from the sensor output using a two segment spline.
We have observed that this sensor (Honeywell AWMS5101VN)
responds quadratically to flow. With the three flow parameters
entered correctly at the front panel, at flows near the recom-
mended 1 SLPM, the PSAP tested under reported the true flow
by ~10% and thus overstated the absorption coefficients by the
same amount. A quadratic calibration curve is recommended to
convert the sensor voltage to mass flow rate.

CONCLUSIONS

Elementary propagation of errors analysis shows the noise of
the PSAP technique should vary as Ar~!-> and not the previously
assumed A¢~%, This behavior is confirmed by simulated data.
Experimental tests confirm that instrument averaging reduces
the noise at a rate proportional to ~ A¢~!3. The instrument-
calculated absorptivities suffer from limited digital resolution as
well as internal roundoff errors. Instrument calculated absorp-
tivities are further limited by the instrument averaging period
setting. If the averaging setting is set too long, the faster portion
of the signal (<4s) is lost and cannot be recovered. If it is set too
short, the instrument-calculated absorptivities cannot be simply
averaged (Case I and II) to reduce the noise as effectively as
other methods. For the best performance, the instrument should
always be operated at the shortest (2-s) averaging period. Inde-
pendent values of data are then reported every 4 seconds with
a standard deviation of ~1.6 Mm~' (Case IITIA). Where better
precision is desired at the expense of time response, the hex-
adecimal values should be used to calculate absorptivities. Case
IIIB can be applied post collection, does not suffer from digi-
tal resolution limitations, roundoff or truncation errors, and is
independent of the instrument averaging period setting.

Case IIIB is only limited by the frequency of the hexadeci-
mal output. Simple averaging of the instrument-calculated ab-
sorptivities should never be done. These recommendations are
summarized in Table 1.
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TABLE 1

Measurement Goal Use

Noise Limitations

Fastest Response ASCII Output At =2

Sosp ~ 1.6 Mm™~!

Precision limited cannot be
averaged

Greatest Signal/Noise Hex Output At >=4s 8op = 100:0071.3102(A0) [ 655 of fastest signal

Future instruments based on the integrating filter method
should incorporate changes to the internal firmware. These
changes include higher numerical precision in the calculations
and reported values. Reporting of all instrument parameters for
every wavelength at one hertz is clearly justified. Because of the
At~' relationship to noise derived in Equation (4), at speeds
commensurate with aircraft-based sampling the integrating fil-
ter technique is unsuitable for measuring the spatial variabil-
ity of aerosols at low loadings. For faster response a direct
measurement of particle absorbance is needed (PAS, SP2, and
PTD).
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